We show that freeze-dried actin filaments which have been rotary shadowed with a light coat of platinum appear very similar in morphology and width to negatively-stained filaments. The addition of a thicker coat of platinum to such preparations gives the actin filaments a different morphology and width, which are similar to those of the rotary-shadowed, quick-frozen filaments described by Heuser and Kirschner (J. Cell Biol. 1980, 86:212-234). The consistent view of the actin filament presented here, particularly its 7-8-nm width, can be interpreted in terms of the overall orientation of the actin subunit in the actin filament.
Although the importance of actin in the cell has long been recognized, only in the past few years have relatively high resolution structural data about the actin molecule become available. Recent studies of crystalline forms of actin alone (1, 2) or of actin-DNase I complexes (3, 27) have shown that actin is an elongated globular molecule with linear dimensions of ~5-7 x 4 x 3 nm. To fully exploit these three-dimensional molecular models of actin (2, 3) in functional terms, it is necessary to relate them to the actin filament. Since neither of the crystalline forms seem to be built directly from actin filaments (1, 3) and since existing filament reconstructions do not allow unambiguous tracing of the actin subunit within them (2, (4) (5) (6) , the orientation of these molecular models within the actin filament remains speculative.
Two different orientations have been proposed recently. In one (1-3), the "long axis" of the molecule (i.e., 5-7 nm) ~ is oriented parallel to the filament axis and in the other (7, 8) , these two axes are nearly perpendicular to each other. Although actin filament models having the correct helical parameters (9, 10) can be built using either the parallel or the perpendicular molecular orientation, the resulting filament models have widths of 6-8 nm (2, 3) and at least 9.5 nm (7, 8) , respectively. Although knowledge of the true filament width should be sufficient to distinguish between these two possible orientations, width values in the literature--and indeed the overall morphology of the filament itself--seem to
In the case of the actin model determined from crystalline actin sheets (2) , we define the long axis of the molecule as being parallel to the 5.6-nm unit cell vector. Since the long axis of the actin models determined from actin-DNase I crystals appear to be at least 6.5 nm (3, 27) , the "long axes" of the two types of molecular models may not be exactly parallel. This point is discussed in detail in reference 2.
depend strongly on the method used to prepare the filaments for examination in the electron microscope.
Published width measurements of negatively stained actin filaments range from 6 to 8 nm (4, 5, 9, l I) and are therefore consistent with the parallel molecular orientation. However, since the width of a negatively stained structure is determined by its stain exclusion profile, the resulting value may be an underestimate. In contrast, quick-frozen/rotary shadowed actin filaments have yielded uncorrected widths of at least 9.5 nm (12, 13) , which would seem to support the perpendicular molecular orientation (7, 8) ; moreover, such filaments display a distinctive morphology that appears inconsistent with that seen in negative stain (12, 13) . However, the thickness of the metal coat can account for a substantial fraction of the apparent particle dimensions in shadowed preparations and can differentially alter the appearance of structural features.
To try to resolve these ambiguities, we have systematically investigated the effects of shadow angle and metal replica thickness on the width and appearance of freeze-dried actin filaments. We report here that lightly rotary shadowed actin filaments are very similar in width and appearance to negatively stained filaments, thus providing a consistent view of the actin filament that supports the parallel orientation of the actin molecule within it.
MATERIALS AND METHODS
Actin Filaments: Column-purified rabbit skeletal muscle actin was prepared as described (1) . G actin, at 0.2 mg/ml, was polymerized for at least 30 rain at room temperature by adding 2.5 mM MgCl2.
Specimen Preparation: Forboth negative staining and freeze-drying, 5 ~l-samples of a l:10 dilution of F actin in 2.5 mM MgCl: were applied to glow discharged, carbon-coated grids for l rain. After removing excess sample, grids were washed for l0 s by applying a drop of distilled water, blotting with filter paper, and either negatively staining with 0.75% uranyl formate, pH 4.25, THE JOURNAL OF CELL BIOLOGY . VOLUME 97 JULY 1983 264-269 or freezing by plunging the grid into liquid nitrogen. Frozen samples were loaded onto a brass table as described (14, 28) , covered with a copper cap, and transferred to a precooled BaIzers 400 freeze-etching (Balzers, Hudson, NH) unit via a counterflow loading device (14) . These samples were dried for l h at -100*C and were then unidirectionally or rotary shadowed from a platinum/ carbon electrode in an electron beam evaporation source. Thickness of the metal replica was monitored using a quartz crystal thin film monitor (Balzers). The shadowed specimens were stabilized by depositing a thin film of pure carbon from directly above before venting the unit.
Electron Microscopy and Filament Width Measurements: Specimens were examined in a Zeiss EMIOC electron microscope.
Magnification was calibrated using negatively stained catalase crystals (15) . All micrograph negatives of shadowed specimens were photographically reversed before priming, with care taken to preserve the correct handedness. As a consequence, shadows appear dark (Fig. 2) .
Width measurements were made either on prints enlarged to at least x 150,000 or using a Nikon optical comparator (Nikon, Inc., Instrument Div., Garden City, NY), on which the micrographs were projected at x 920,000.
Computer Modeling: The filament shown in Fig. 4 was modeled by Dr. R. J. Feldmann (National Institutes of Health) and the authors using an Evans and Sutherland interactive graphics display system. Briefly, the surface of the three-dimensional model of the actin subunit as determined from crystalline actin sheets (2) was approximated by 50 interpenetrating sphex~s of various radii. In generating the filament model from these subunits, the 5.6nm axis of the molecular model was kept parallel to the filament axis. The distance of this axis from the filament axis and the angular orientation of the subunit around this axis were chosen to give the best fit with an actual filament model computed from polylysine-induced actin filament paracrystals as we have described elsewhere (2) .
RESULTS

Negatively Stained Actin Filaments
Negatively stained actin filaments ( Fig. I a) appear to consist of two strands of approximately globular subunits helically wound around each other (4, 5, 9) . The sense of the two, long pitch (i.e., ~ 74 nm) helices has been shown by unidirectional shadowing to be right handed (16; [Fig. 2] ). If negatively stained filaments (e.g., Fig. 1 a) are viewed obliquely along the filament axis, a more or less regular variation in the width of the filament with a periodicity of ~37 nm can often be observed along its length. This corresponds to positions along the filament where the two long pitch helices lie next to one another on the substrate (wide) and where they crossover each other (narrow). Although it has been stated that the appearance of the crossovers distinguishes filament models built using the perpendicular and parallel molecular orientations (7, 8) , the prominence of filament crossovers in typical negatively stained preparations (e.g., Fig. I a) is variable, even along a single filament. In fact, the appearance of negatively stained actin filaments can vary considerably both with respect to morphology and width (see below). This is probably due to the effects of spread flattening and/or collapse during specimen preparation (17 [ Fig. 3a] ), the retraction of stain during irradiation (18) , and the inherent random variable twist of the actin helix (19) , all of which combine to distort and deform the actin helix. It is therefore difficult to decide objectively what is the "true" appearance of a negatively stained actin filament.
Freeze-dried Actin Filaments
Freeze-drying has been widely used to reduce the effects of specimen collapse that usually occurs during simple air-drying (14, 17) . Such preparations are most often examined after unidirectional or rotary shadowing with a heavy metal. The resulting images often depend critically upon the shadowing angle and the thickness of the metal replica (20, 21) . Lightly shadowed actin filaments ( Fig. 1 b) were 7.5-8.5 nm wide and appeared similar to negatively stained filaments ( Fig. 1 a) , particularly with regard to the modulation in width. The righthanded sense of the two long pitch helices and the indication of crossovers at regular intervals could be seen clearly in this rotary shadowed preparation ( Fig. 1 b, look at a glancing angle). In contrast, identical actin filament preparations that were rotary shadowed with approximately four times the amount of metal from a slightly higher angle ( Fig. 1 c) appeared more similar to the images of rotary-shadowed, quickfrozen filaments in the literature (12, 13) : They were nearly uniform in width (in Fig. 1 c, 10-11 rim), had less pronounced crossovers and, although the two long pitch helices could still be seen in favorable cases ( Fig. 1 c, look at a glancing angle), the increased thickness of the metal replica made this feature less prominent.
Like the width, the appearance of the filament substructure varied considerably with the thickness of the metal coat. As the thickness of the metal replica was increased (compare Fig. 1 c) , the most distinctive feature of freeze-dried, rotary-shadowed filaments became a prominent, near-transverse striation that repeated every 5.9 nm along the length of the filament [8, 12, 13] . It has been suggested that this feature is a manifestation of the shallow, left-handed "genetic" helix of the actin filament that has a 5.9-nm pitch (13; [Discussion and Fig. 4 ]). Although both lightly (Fig. I b) and heavily ( Fig.  l c) shadowed filaments exhibited this feature, the lightly shadowed filaments also showed substantial variation in substructure along and perpendicular to the filament axis ( Fig.  1 b) , much like negatively stained filaments ( Fig. 1 a) .
The selective enhancement of certain structural features such as the 5.9-nm repeat by shadowing is clearly demonstrated in Fig. 2 , which shows actin filaments shadowed unidirectionally. Filaments at different azimuths relative to the shadowing direction ( Fig. 2 , arrow) displayed different features: filaments nearly parallel to the shadowing direction show the long pitch helix and the 5.9-nm repeat, filaments perpendicular to this direction show little substructure and filaments at intermediate angles show primarily the 5.9-nm repeat. It is very likely that some of these structural features are enhanced or even generated by metal decoration (22) . Since a rotary-shadowed filament is effectively shadowed at all azimuths, strongly contrasted features are superimposed onto weakly contrasted ones. Consequently, a rotary-shadowed structure with a metal coat may display surface features weighted quite differently from the original appearance, i.e., in negative stain. In the case of the actin filament, certain features such as the 5.9-nm repeat were selectively emphasized by unidirectional shadowing at certain azimuths ( Fig. 2) and may be overemphasized relative to other features (e.g., the right-handed long pitch helices) in rotary shadowed preparations, particularly when the metal replica was relatively thick as in Fig. I c. The relatively uniform width of heavily shadowed filaments (compare Fig. 1 c with Figs. l, a and b ) may be due to metal decoration (22) and/or to the varying height of the structure above the specimen support: the increased height of the filament at the cross-overs may have caused accumulation of more metal, thus making these regions appear almost as wide as stretches where the two long pitch helices lay side-by-side. As a consequence, the filament would show a more uniform width than is seen in negatively stained filaments.
R^P,o COMMUN,C^T,O.S 265 FIGURE "1 Electron micrographs of actin filaments prepared by negative staining (a) or by freeze-drying followed by rotary shadowing with different amounts of platinum (b and c). For comparison of the filament widths, a composite filament (d) has been constructed from lengths of the filaments shown in a, b, and c. The specimen in c was rotary shadowed with approximately four times the amount of platinum/carbon that was used for the specimen in b; the elevation angle for shadowcasting was ~ 15 ° in b and ~25 ° in c. Compare the appearance of filament crossovers (see text) in the three different preparations by sighting along the filament axis at an oblique angle. Bars, 100 nm. x 158,000 (a-c); x 300,000 (d).
Determination of Actin Filament Width
Determination of the absolute width of the actin filament is complicated by the various steps involved in preparing the specimen for visualization in the electron microscope, such as adsorption, drying, staining or shadowing, radiation damage, etc. (17) . Measurement of the center-to-center spacing of filaments in side-to-side aggregates (e.g., paracrystals) might be expected to give more reliable values than measurement of isolated filaments; in such cases relatively low values (e.g., 6 nm [4, 23]) were obtained. However, if adjacent filaments are laterally interdigitated or are not lying in a plane perpendicular to the electron beam, as is the case in hexagonally packed filament arrays (24), measurement of interfilament distance will yield an underestimated filament width. A more straightforward way of determining filament width is to use "single-layered arrays" of filaments, negatively stained examples of which are shown in Fig. 3a . In such arrays, the accumulates around a single filament; thus, by subtracting the uncorrected width of a single filament from that of the "doublet", one should obtain the corrected width for a single filament. The resulting value for the corrected filament width was ~7.7 nm in the case of the two doublet/singlet pairs in Fig. 4 . Obviously, this method will yield an underestimate if FIGURE 2 Electron micrographs of freeze-dried actin filaments unidirectionally shadowed with platinum/carbon at an elevation angle of ~15 °. Note that different structural features are emphasized in actin filaments lying at different azimuths relative to the shadowing direction. The shadowing direction is indicated by the arrow. Bar, 100 nm. x 150,000.
crossovers of adjacent filaments can be in register (top) or more or less random (bottom). Although adjacent filaments that are in register are probably in contact with each other, the prominent dark stain line between adjacent filaments indicates that interdigitation in this array was minimal. In contrast, filaments in the array shown in the bottom of Fig.  3a probably made only occasional contact with each other and are almost certainly spread flattened (17) to some extent. Measurement of the center-to-center spacing in single-layered arrays yielded an average value of 7.9 nm and ranged from 6.9 nm for filaments in contact (e.g., Fig. 3a , top) to 8.5 nm for partially flattened filaments (e.g., Fig. 3 a, bottom) . Width measurements of isolated filaments in negatively stained preparations always yielded a range of values from 6-8 nm and averaging ~7.0 nm (data not shown). This variability is caused by distortion of the actin helix by a number of factors (see above; [17] [18] [19] ).
In contrast, the widths of freeze-dried shadowed filaments, although relatively constant within a preparation, have been shown to vary with the thickness of the metal replica (Fig. 1,  b and c) ; the same has been shown to be true in freeze-etched shadowed preparations (11). Due to metal decoration (22) , determination of the correction factor to be applied to measurements for the thickness of the metal coat is not straightforward (13) . A novel method of correcting for the replica thickness, which was suggested to us by Dr. John Heuser (Washington University), is shown in Fig. 3b . This method depends on the assumption that the thickness of the metal coat that accumulates around two laterally associated filaments lying flat on the support film is the same as that which of a method suggested to us by Dr. John Heuser to correct filament width measurements for the thickness of the platinum replica. The micrograph, which is from a rotary shadowed preparation such as that shown in Fig. 1 c, contains stretches where two laterally associated filaments are lying flat on the support film, as well as stretches of single filaments. As shown in the diagram (bottom), such 'doublets' and 'singlets' probably accumulate the same amount of platinum during rotary shadowing. If the widths of both such structures are measured consistently, their difference should equal the width of a single filament corrected for the thickness of the metal replica; this value averages 7.7 nm in the cases shown. It should be noted that this method will yield an accurate width value only if there is no substantial interdigitation between adjacent filaments (see text). Bars, 100 nm. x 138,000 (a and b).
laterally associated filaments are significantly interdigitated. However, the value obtained is consistent with the interfilament distances (i.e., 7.9 nm on average) measured in negatively stained single-layered arrays (e.g., Fig. 3 a) .
It is reasonable to assume that a thinner metal coat (e.g., Fig. I b) would allow more accurate measurement of filament width in cases where no correction for metal thickness was made. By examining unstained preparations of freeze-dried actin filaments in the scanning transmission electron microscope (STEM), one can obviate the need for such correction altogether. Such filaments appeared well preserved in dark field micrographs (M. K. Reedy, Duke University, personal communication), although definition of the outer filament boundary was somewhat ambiguous. Nevertheless, preliminary measurements by one of us (W. E. Fowler) using micrographs supplied by Dr. M. K. Reedy yielded an average filament width of 7.5 nm. A quantitative study of actin filament width using the STEM is presently being conducted by Dr. Reedy.
DISCUSSION
In spite of the difficulty of obtaining an absolute measure of filament width, the trend of our experimental results is quite clear. It is perhaps best illustrated in the composite filament shown in Fig. l d , where filament widths in three different preparations are compared: The reduction in metal replica thickness brought the filament width in rotary-shadowed preparations much closer to that obtained with negatively stained filaments. Since radial expansion of the filament owing to collapse, adsorption, or metal thickness would most likely outweigh any radial shrinkage, the more accurate width value was probably 7-8 nm, which agrees very well with values obtained by x-ray diffraction of actin filaments in solution (25) or in pellets (26) . Given the known size and shape of the actin subunit (1-3), the orientation of its long axis (i.e., 5-7 nm; see footnote 1) within a filament of this width must be closer to parallel than to perpendicular, as described above (2, 3, 8) .
The intermolecular contacts that occur in crystalline actincontaining structures (1-3) may offer further clues as to the orientation of the actin molecule in the actin filament. Polar "strands" of actin molecules with their long axes aligned parallel to the strand axis, i.e. having a 5.6-nm intermolecular repeat, run parallel to the 5.6-nm lattice vector in gadoliniuminduced actin sheets; due to the presence of a twofold axis of symmetry, adjacent strands in the sheet plane have opposite polarity (l). Both the polar nature of these strands and their axial repeat of 5.6 nm are consistent with the characteristics of each of the two long pitch helices of the actin filament. Although the head-to-tail contact may be similar in the sheet and filament strands, the lateral contacts between strands in the sheet and in the filament must be distinct because of differences in the stagger and polarity of adjacent strands in the two structures (1) . In contrast, the presence of a two-fold screw axis relating adjacent actin molecules in crystals of actin-DNase I complexes with an intermolecular repeat of 5.6 nm along the constituent "strands" may suggest that this crystal is built from slightly underwound actin filaments (3, 8) . However, since the resulting filaments would be 12 nm in width, these authors decided that the molecular arrangement in these crystals is probably different from that in the filament (3). It is noteworthy that when the actin molecule determined from these co-crystals is oriented so that its long axis is parallel
Comparison of the morphology of a freeze-dried/rotaryshadowed actin filament similar to those shown in Fig. 1 b with a filament model built from a three-dimensional molecular model of the actin molecule (12) . In this filament model (i.e., the 'best fit' model of reference 2), the long axis of the molecular model is oriented parallel to the filament axis (see text). Common features seen in both the micrograph (a, left) and the model (a, right) are the regular variation in width along the length of the filament, the appearance of the right-handed long pitch helices, and the presence of the 5.9-nm pitch of the left-handed genetic helix, which is seen in rotary-shadowed filaments as a prominent cross striation (8, 12, 13) . In b, part of the filament model in a is shown at twice the magnification; two actin 'subunits' have been extracted from the filament model at the positions indicated (arrowheads); each is shown with the same orientation that it had in the filament but at five times the magnification of a. Note that the long axis of each subunit in the filament model is oriented parallel to the filament axis. The two extracted subunits shown are related to each other by rotation of 90* about a vertical axis parallel to the filament axis. Bar in a, 25 nm. x 632,000 (a).
to the filament axis, the resulting filament model is about 8 nm wide (3).
In Fig. 4a , the appearance of a freeze-dried/rotary shadowed filament is compared with a filament model generated from a three-dimensional model of the actin molecule (2) using the parallel molecular orientation. Although this filament model was originally built to fit the molecular model of actin (2) to a three-dimensional reconstruction of an averaged negatively stained actin filament obtained from polylysineinduced paracrystals (2, 23) , there is also good qualitative agreement between this model and the gross morphology of this rotary shadowed filament (Fig. 4a) , such as the width modulation and the appearance of the two right-handed longpitch helices. The concentration of mass in the model along the left-handed genetic helix (9, 10) can easily be related to the 5.9-nm cross striation that is emphasized by rotary shadowing and gives rise to a strong sixth layer line seen in diffraction patterns of actin filaments (8; [our unpublished results]). The subunit orientation used here, i.e., with the long axis of the molecule parallel to the filament axis, is seen more clearly in Fig. 4b , where subunits have been extracted from two points along the length of the filament model and are shown enlarged.
There is still some uncertainty about the exact angular orientation of the actin subunits about their long axes (i.e., in the radial plane)--at least one alternative fit exists (2). However, the correlation presented here of the well-known negatively stained image of the actin filament with the newer rotary-shadowed image provides evidence for the validity of existing filament models (e.g., 2, 5, 6). Our interpretation of this consistent picture of the actin filament in terms of the orientation of the actin subunit is a first step in establishing the localization of functional binding sites on the actin molecule for the many regulatory proteins that mediate the many important interactions of the actin filament in muscle and nonmuscle cells.
